O culOmOtOr nerve palsy (ONP) is a presenting sign of posterior communicating artery (PCoA) aneurysms, which have a high risk of rupture. 10, 16 An understanding of the characteristics of PCoA aneurysms with ONP may be helpful to identify the features of aneurysms prone to rupture and to provide meaningful information for predicting rupture, even in intracranial aneurysms (IAs) at other locations. The morphology and hemodynamics of IAs are currently being actively investigated with respect to rupture. 18, 20 Quantitative parameters that can accurately assess rupture risk are being determined. In this study, we examined hemodynamic and morphological features of unruptured PCoA aneurysms with ONP by comparing them with asymptomatic unruptured PCoA aneurysms and ruptured PCoA aneurysms.
patients and imaging
From January 2009 to December 2012, 14 patients in Changhai Hospital who suffered from sudden ONP were diagnosed with unruptured PCoA aneurysms by 3D rotational angiography (RA). The mean interval from the onset of ONP to the performance of 3D RA was 12.7 days. For further comparison of morphological and hemodynamic features, we retrospectively analyzed a cohort of consecutive patients with PCoA aneurysms who were treated between January 2011 and December 2012 in our hospital; their rupture statuses were determined according to the radiographic findings. Ruptured PCoA aneurysms with ONP were excluded because the ONP in patients with subarachnoid hemorrhage could result from inflammatory and microvascular effects that are secondary to the blood in the cisterns. 5 In addition, only patients with complete medical records and 3D RA data were included.
The 3D RA was performed with the Artis zee biplane angiographic system (VC14, Siemens). A 5-second digital subtraction angiography acquisition protocol was adopted, and 18 ml of contrast agent was injected through the internal carotid artery at a rate of 3 ml/sec. During the 5-second acquisition, after a delay of 1 second, a 200° rotation of the C-arm was performed to obtain 133 frames. All of the acquired 5-second digital subtraction angiography data were transferred to a syngo X Workplace (VB15, Siemens) for reconstruction of the 3D internal carotid arterial tree and exported in a stereolithography format for computational fluid dynamics (CFD) simulations.
Modeling of pcoa aneurysms
The 3D models were segmented and smoothed with Geomagic Studio version 9.0 (3D Systems, Inc.) and imported into ICEM CFD 11.0 (ANSYS, Inc.) to create volume grids for the fluid dynamics simulations. The total number of elements in each model was between 1,000,000 and 1,400,000. The vessel wall was divided into 3 parts: the aneurysm, parent artery, and other vessels, as previously described. 19 A pulsatile velocity waveform was obtained with transcranial Doppler imaging of a healthy subject. We then captured the flow spectrum envelope to obtain an average waveform of blood flow velocity in a complete cardiac cycle using MATLAB 7.0 software (The MathWorks, Inc.).
CFD simulations were performed using CFX 11.0 (AN-SYS, Inc.). The vessel was considered a rigid wall with noslip boundary conditions. The governing equations underlying the calculation were the Navier-Stokes formulations with the assumption of laminar and incompressible blood flow. 15 The density and dynamic viscosity were specified as r = 1050 kg/m 3 and m = 0.00345 Pa·sec, respectively. The inlet was imposed by the pulsatile velocity profile that was obtained with transcranial Doppler and the outlet was defined as the opening boundary condition with 0 static pressure. We discretized the entire 0.8-second cardiac cycle with a time step of 0.001 second for the numeric simulation. For each model, we simulated 3 continuous cardiac cycles to ensure the numeric stability of the simulation, and the last cycle was considered the output. The results were postprocessed and visualized using CFX 11.0.
hemodynamic parameter calculations
Three hemodynamic parameters were calculated in this study: normalized wall shear stress (WSS), percentage of low WSS area (LSA), and oscillatory shear index (OSI). The time-averaged WSS was further averaged over the dome area (the entire luminal surface of the aneurysm sac) and then normalized by the average parent-vessel WSS in the same patient to allow comparisons among different patients. 8, 17 The LSA, which was defined as the areas of the aneurysm wall exposed to a WSS less than 10% of the mean parent-vessel WSS, was then normalized by the dome area. 8, 17 OSI, which is a nondimensional parameter, measures the directional change of WSS during the cardiac cycle 6 :
and where wss i is the instantaneous WSS vector, t is time, and T is the duration of the cycle. The OSI was averaged over the dome area.
Morphological parameter calculations
Seven morphological parameters described by Dhar et al. 3 were included in the study. In addition to common parameters, such as the size of the aneurysm, aspect ratio (AR), and size ratio (SR), we calculated the undulation index (UI), ellipticity index (EI), and nonsphericity index (NSI) based on 3D variables, such as the surface area and volume. These parameters quantitatively reflected the undulation, elongation of the aneurysmal sac, and presence of blebs. The neck plane was defined as the location where the aneurysmal sac pouched outward from the parent vessel. After defining the neck plane, the models were cut into the aneurysm and the inlet and outlet planes of the parent artery, and then exported in stereolithography formats. These formats were imported into MATLAB 7.0, which was used to calculate and visualize the 7 morphological parameters.
statistical analysis
The statistical analyses were performed using Microsoft Excel 2003 and SAS version 9.1 (SAS Institute, Inc.). The parameters were expressed as the median (interquartile range) or number of patients (%), as appropriate. Count data were analyzed using chi-square tests. For the measurement data, Kruskal-Wallis H tests were used, followed by Nemenyi tests for multiple comparisons. A p value less than 0.05 (2-sided) was considered statistically significant.
results
In addition to the 14 unruptured PCoA aneurysms with ONP, 54 PCoA aneurysms without ONP in 51 patients were included in the study. Thirty-three were ruptured PCoA aneurysms (the ruptured group), and 21 were unruptured PCoA aneurysms (the asymptomatic unruptured group). Of the total 65 patients, 14 were men and 51 were women. The patients' ages ranged from 25 to 86 years, with a median age of 62 years.
None of the baseline characteristics (such as age, sex, hypertension, diabetes mellitus, or current smoking status) differed among the 3 groups. The morphological and hemodynamic analysis showed that size, AR, SR, UI, NSI, EI, normalized WSS, and LSA differed significantly among the 3 groups, whereas OSI did not differ significantly (p = 0.050) ( Table 1) .
Further multiple comparisons were performed to explore the exact relationship between each group, as shown in Table 2 . Between the ONP and ruptured group, none of the previously significant parameters differed significantly. This indicated that the ONP group had a similar morphological-hemodynamic pattern to the ruptured group. Between the ONP and asymptomatic unruptured group, all of the morphological parameters in the ONP group were significantly larger than those in the asymptomatic unruptured group. This indicated that PCoA aneurysms with ONP were larger and more irregularly shaped, which may have been caused by enlargement of the aneurysm sac or by the presence of blebs. Meanwhile, a low-WSS hemodynamic status (lower normalized WSS and higher LSA) was observed in the ONP group compared with the asymptomatic unruptured group. Finally, the morphological parameters in the ruptured group were significantly greater than those in the asymptomatic unruptured group, except for size (p = 0.050). A low-WSS hemodynamic sta-tus was observed in the ruptured group compared with the asymptomatic unruptured group. Two exemplary cases from each group were plotted in terms of WSS ( Fig. 1 ).
discussion
Posterior communicating artery aneurysms with ONP have a relatively higher rupture risk compared with asymptomatic unruptured ones. 10, 16 We sought to understand the characteristics of high-rupture-risk aneurysms by comparing them with those that were asymptomatic. Most hemodynamic studies on rupture risk have compared postruptured and unruptured IAs. 2, 17 However, once an aneurysm has ruptured, the morphology and hemodynamics might change. This may reduce the accuracy of the results and limit the possible use of those parameters in clinical rupture assessments. 9 Therefore, analyses of unruptured IAs with high rupture risk might provide more meaningful and reliable findings. Several hemodynamic studies have reported some rare cases with radiographic records from not long before rupture. 4, 7, 13 Duan et al. 4 studied the hemodynamic and morphological features of several prone-to-rupture PCoA aneu rysms and found that WSS might be a reliable discriminant of the rupture status of aneurysms. However, most of these studies were case reports or descriptive studies because it is hard to capture a specific status in clinical settings. Because ONP is a relatively common presenting sign of PCoA aneurysms, a considerable sample size can be acquired, which is important for accurate analyses.
The hemodynamic patterns of IAs correlate with their morphological features. Tremmel et al. 14 
demonstrated
that the luminal area of aneurysms with low WSS increased with an increasing SR. Boussel et al. 1 found that aneurysm growth usually occurs in regions exposed to abnormally low WSS. In our study, we observed that all of the morphological parameters in the ONP group were significantly higher than those in the asymptomatic unruptured group, indicating that PCoA aneurysms with ONP are larger and more irregularly shaped. Accordingly, a significantly lower WSS was found in the ONP group compared with the asymptomatic unruptured group. Our results further suggested that a low WSS might be related to aneurysm enlargement and irregular shape.
Another advantage of the present study is that it focused only on PCoA aneurysms and did not combine all locations of aneurysms. A correlation between hemodynamics and aneurysm rupture has been widely demonstrated, but it is still controversial. Xiang et al. 17 stated that a low WSS and a high OSI could be associated with aneurysm rupture, whereas Cebral et al. 2 argued that a high and concentrated WSS is related to rupture. We found that most CFD studies on rupture risk included aneurysms in multiple locations.
The conflicting findings of previous studies may be explained by the distinctive anatomical geometries and natural courses of aneurysms in different locations. 11 Studies of a single location may be more reasonable for rupture risk assessment. Miura et al. 11 demonstrated a correlation between low WSS and aneurysm-rupture status in an analysis of 106 middle cerebral artery aneurysms. Recent studies of the natural history of aneurysms have demonstrated that PCoA aneurysms are some of the most common aneurysms and have a relatively high rate of rupture. 12 However, few studies have comprehensively focused on only PCoA aneurysms and their clinical, morphological, and hemodynamic features. Therefore, we focused on PCoA aneurysms in this study.
There are several limitations to the present study. The small and imbalanced sample size of each group was the main limitation. The patient-specific models were simplified, and some arterial branches were artificially ignored. This study was a retrospective study, and although patientspecific models were applied in the CFD simulation, the boundary conditions were not patient specific. In addition, current CFD technology is time-consuming, which may limit its application in the timely decision making required in the treatment of unruptured aneurysms.
conclusions
In this study, we compared the morphological and hemodynamic characteristics of unruptured PCoA aneurysms with ONP, ruptured PCoA aneurysms, and asymptomatic unruptured PCoA aneurysms. Unruptured PCoA aneurysms with ONP had a very different morphologicalhemodynamic pattern compared with asymptomatic unruptured PCoA aneurysms, and were similar to ruptured ones. The larger size, more irregular shape, and lower WSS might be related to the high rupture risk of PCoA aneurysms.
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